Sex differences in pituitary growth hormone (GH) secretion (pulsatile in males vs near continuous/ persistent in females) impart sex-dependent expression to hundreds of genes in adult mouse liver. Signal transducer and activator of transcription (STAT) 5, a GH-activated transcription factor that is essential for liver sexual dimorphism, is dynamically activated in direct response to each male plasma GH pulse. However, the impact of GH-induced STAT5 pulses on liver chromatin accessibility and downstream transcriptional events is unknown. In this study, we investigated the impact of a single pulse of GH given to hypophysectomized mice on local liver chromatin accessibility (DNase hypersensitive site analysis), transcription rates (heterogeneous nuclear RNA analysis), and gene expression (quantitative polymerase chain reaction and RNA sequencing) determined 30, 90, or 240 minutes later. The STAT5-dependent but sex-independent early GH response genes Igf1 and Cish showed rapid, GH pulse-induced increases in chromatin accessibility and gene transcription, reversing the effects of hypophysectomy. Rapid increases in liver chromatin accessibility and transcriptional activity were also induced in hypophysectomized male mice for some (Ces2b, Ugt2b38) but not for other liver STAT5-dependent male-biased genes (Cyp7b1). Moreover, in pituitary-intact male mice, Igf1, Cish, Ces2b, and Ugt2b38 all showed remarkable cycles of chromatin opening and closing, as well as associated cycles of induced gene transcription, which closely followed each endogenous pulse of liver STAT5 activity. Thus, the endogenous rhythms of male plasma GH pulsation dynamically open and then close liver chromatin at discrete, localized regulatory sites in temporal association with transcriptional activation of Igf1, Cish, and a subset of STAT5-dependent male-biased genes. (Endocrinology 158: 1386(Endocrinology 158: -1405(Endocrinology 158: , 2017 H umans are exposed to thousands of lipophilic foreign chemicals, many of which are detoxified by hepatic drug-metabolizing enzymes and transporters (1, 2) but in some cases are converted to mutagenic and carcinogenic metabolites (3, 4). Many of these enzymes also metabolize cholesterol, steroid hormones, and other endogenous lipophiles, impacting liver physiology, endocrine homeostasis, and disease states (5-7). Cyp genes (8, 9) and other steroidmetabolizing gene families (Sult, Hsd, Ugt) (10-12) show sex-biased expression in both mouse and rat liver, enabling each sex to meet its own particular metabolic and hormonal requirements. Human orthologs of certain sexbiased rodent genes active in steroid and lipid metabolism show sex-biased liver expression (13-16) and may contribute to sex-differential cardiovascular disease risk (17). The adult pattern of sex-biased hepatic gene expression is determined by neonatal androgen exposure (18) (19) (20) , which programs the hypothalamus and its orchestration of the sex-specific pituitary growth hormone (GH) secretion profiles that emerge at puberty (21, 22) . These sexdependent plasma GH profiles, in turn, activate two mutually exclusive patterns of liver gene expression, depending on whether the liver is stimulated by GH in a persistent manner (female liver) or intermittently (male
H umans are exposed to thousands of lipophilic foreign chemicals, many of which are detoxified by hepatic drug-metabolizing enzymes and transporters (1, 2) but in some cases are converted to mutagenic and carcinogenic metabolites (3, 4) . Many of these enzymes also metabolize cholesterol, steroid hormones, and other endogenous lipophiles, impacting liver physiology, endocrine homeostasis, and disease states (5) (6) (7) . Cyp genes (8, 9) and other steroidmetabolizing gene families (Sult, Hsd, Ugt) (10) (11) (12) show sex-biased expression in both mouse and rat liver, enabling each sex to meet its own particular metabolic and hormonal requirements. Human orthologs of certain sexbiased rodent genes active in steroid and lipid metabolism show sex-biased liver expression (13) (14) (15) (16) and may contribute to sex-differential cardiovascular disease risk (17) . The adult pattern of sex-biased hepatic gene expression is determined by neonatal androgen exposure (18) (19) (20) , which programs the hypothalamus and its orchestration of the sex-specific pituitary growth hormone (GH) secretion profiles that emerge at puberty (21, 22) . These sexdependent plasma GH profiles, in turn, activate two mutually exclusive patterns of liver gene expression, depending on whether the liver is stimulated by GH in a persistent manner (female liver) or intermittently (male liver), as best exemplified by studies of sex-and GHregulated Cyp genes in both mouse and rat models (23) (24) (25) (26) (27) (28) (29) .
Signal transducer and activator of transcription (STAT)5 is a GH-activated transcription factor (30, 31) that plays a key role in liver metabolism and pathophysiology (32) and is essential for the sex-dependent effects of GH on liver gene expression (8) . STAT5 is activated in male liver in an intermittent manner (33) in direct response to each plasma GH pulse beginning at puberty (34) , when .80% of male-specific genes are induced in mouse liver (35) . In female liver, STAT5 activity persists over time due to the near continuous activation of STAT5 by circulating GH (36) (37) (38) . Mouse knockout models show that the sex-dependent expression of .1000 liver-expressed genes (39, 40) requires STAT5. Thus, in male Stat5b knockout mice (41) (42) (43) , 90% of male-biased genes are repressed and 60% of female-biased genes are induced (de-repressed) (39, 44) . STAT5a, a closely related transcription factor, is unable to compensate for the loss of STAT5b (42, 43) but is essential for expression of a unique subset of femalebiased genes in female mouse liver (45) . Genome-wide mapping of liver binding sites for STAT5b and STAT5a (collectively, STAT5) identified ;3500 sites with a strong sex bias in binding activity (38) . Male-biased STAT5 binding is enriched near male-biased genes, and femalebiased STAT5 binding is enriched near female-biased genes (38) . Liver sex differences are enforced by two STAT5-regulated repressors, BCL6, which is expressed in a male-biased manner (38, 46) , and CUX2, which shows strongly female-specific expression (47, 48) . Robust sex differences can thus be achieved for hundreds of sex-biased genes by the complex interplay of STAT5 and other GH-regulated transcription factors.
Changes in chromatin structure and accessibility are a hallmark of epigenetic regulation and developmental plasticity (49) and can be probed by global analysis of open chromatin sites by DNase I digestion followed by high-throughput sequencing (DNase sequencing) (50, 51) . Using this technique, we identified ;71,000 open chromatin regions as DNase hypersensitive sites (DHSs) in male and female mouse liver (51) . DHSs include promoters, enhancers, silencers, and insulators (52) and encompass up to 93% of genome-wide binding sites for several major liver transcription factors (51) . Several thousand liver DHSs show sex differences in hypersensitivity (i.e., sex differences in chromatin accessibility) and are responsive to changes in circulating GH profiles (51) . Sex-biased liver DHSs show strong enrichment for proximity to expressed genes of a corresponding sex bias, indicating they harbor positive regulatory elements (51) . Indeed, the sex-differential binding of STAT5 to mouse liver chromatin seen at many promoters and enhancers linked to sex-specific genes shows strong enrichment for sex-biased DHSs (38) . Sex differences in liver chromatin accessibility are thus a key feature of sex-differential hepatic gene expression. However, the mechanisms whereby sex-specific plasma GH profiles establish and maintain sex differences in liver chromatin accessibility are unknown and present a major challenge. One possibility is that liver chromatin accessibility at DHSs is directly responsive to the repeated on-off pulses of GH stimulation and STAT5 activation. In this study, we use the mouse liver model to investigate this hypothesis through studies of the dynamic effects of male plasma GH pulses on chromatin accessibility and gene transcription rates for both the classical GH/STAT5-regulated gene targets Igf1 (53) (54) (55) (56) and Cish (55, 57, 58) and for several GH-responsive, STAT5-dependent male-biased genes.
Materials and Methods

Animal treatments
All mouse work was carried out in compliance with the requirements of the Boston University Institutional Animal Care and Use Committee. Male and female CD-1 mice (ICR strain) were obtained from Charles River Laboratories (Wilmington, MA). Mice were intact or were hypophysectomized by the supplier at 7 weeks of age. Mice were kept on a 12-hour light/ dark cycle with food and water without restriction. Body weights were monitored for 4 to 5 weeks after surgery to verify the absence of weight gain above presurgery level, which was taken as an indicator of complete hypophysectomy. Urine collected from each mouse was analyzed on a 12% sodium dodecyl sulfate-polyacrylamide gel stained with Coomassie brilliant blue to detect the prominent low-molecular-mass Mup protein band, which was visually absent in hypophysectomized mouse urine. Mice showing weight gain above presurgery levels or detectable Mup protein in urine following hypophysectomy were excluded from the study. Hypophysectomized male mice were given a single intraperitoneal injection of vehicle (control) without or with recombinant rat GH at 125 ng of GH per gram of body weight (59) . This dose approximates a physiological replacement dose and is 12-fold lower than the supraphysiological doses historically used in studies of GH-induced Igf1 gene transcription (54, (60) (61) (62) . Mice were euthanized by cervical dislocation 30, 90, or 240 minutes after GH injection. In other experiments, fresh livers collected from individual untreated, intact mice (8 to 10 weeks of age) were used to prepare nuclei for DHS analysis and for nuclear RNA isolation, as described below. Portions of each liver were flash frozen in liquid N 2 , stored at 280°C, and used to isolate total liver RNA or to prepare a protein extract for analysis of liver STAT5 activity by electrophoretic mobility shift assay (EMSA) to identify STAT5-high activity and STAT5-low activity livers (see later). disruption of chromatin structure. Each liver was minced, washed in ice cold diethyl pyrocarbonate-treated phosphate buffered saline, and homogenized in a Potter-Elvehjem homogenizer in 8 mL of cold homogenization buffer [10% (volume-to-volume ratio) glycerol, 2 M sucrose, 10 mM HEPES (pH 7.9), 25 mM KCl, 0.15 mM spermine, 0.5 mM spermidine trihydrochloride, 1 mM EDTA, 0.05 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 10 mM NaF, and one tablet of complete protease inhibitor cocktail (Roche) per 50 mL buffer]. The homogenate was layered over a 3-mL cushion of homogenization buffer in an ultracentrifuge tube and spun at 25,000 rpm for 30 minutes at 4°C in an SW-41Ti rotor. The supernatant was discarded by inverting the tube. The inner walls of the centrifuge tube were cleaned with a Kimwipe soaked in diethyl pyrocarbonatetreated phosphate buffered saline, and then cleaned with a dry Kimwipe. Nuclei were resuspended in nuclear storage buffer [20 mM Tris HCl (pH 8.0), 75 mM NaCl, 0.5 mM EDTA, 50% (volume-to-volume ratio) glycerol, 0.85 mM dithiothreitol, and 0.125 mM phenylmethylsulfonyl fluoride) using a Dounce homogenizer, counted using a hemocytometer, and stored in aliquots at 280°C. Nuclear RNA was purified from 25 to 50 million nuclei, corresponding to ;25% of a liver, using TRIzol LS reagent. The final nuclear RNA preparation was validated by the presence of intact nuclear ribosomal RNA, which gave a characteristic pattern on agarose gel electrophoresis.
Reverse transcription-quantitative polymerase chain reaction analysis of heterogeneous nuclear RNA and messenger RNA levels of GH-responsive genes
Complementary DNA (cDNA) synthesized from TRIzolextracted liver total RNA (intact mice and hypophysectomized mice, with or without exogenous GH treatment) or liver nuclear RNA (STAT5-high and STAT5-low activity livers) using the Applied Biosystems high-capacity cDNA reverse transcription (RT) kit (Thermo Fisher Scientific, catalog no. 43-688-14) was used to assay individual RNA transcripts by RT-quantitative polymerase chain reaction (RT-qPCR). Relative RNA levels were determined from the qPCR data by the DCt method after normalization to the 18S RNA content of each liver cDNA sample. qPCR primers were designed using Primer Express software (Thermo Fisher Scientific). Each primer was verified to be specific for its target sequence using the Blat function of the University of California Santa Cruz browser after extending the sequence to include 3, 5, or 10 nucleotides of flanking sequence on each end to compensate for the inability of Blat to reliably find closely related sequences when short sequences are analyzed. Primary RNA transcripts [heterogeneous nuclear RNA (hnRNA)] were assayed using a primer pair that spans an exon-intron (or an intron-exon) junction. Primers used to assay mature (spliced) messenger RNAs (mRNAs) were targeted to adjacent exons separated by an intron .1 kb in length to minimize the likelihood that contaminating genomic DNA contributes to the qPCR signal. All primer pairs except for those for Ces2b mRNA (intron length 0.65 kb) and Cish mRNA (intron length 0.22 kb) met this requirement. The melting curves of each qPCR amplicon were symmetric and free of secondary peaks, consistent with the amplicon largely being free of sequences derived from contaminating genomic DNA. qPCR primer sequences and their exonic and intronic locations are shown in Supplemental Table 1 .
EMSA gels
STAT5 DNA-binding activity was assayed in total liver homogenate prepared from frozen individual mouse livers as described (36) using ;50 mg of frozen liver tissue in hypotonic homogenization buffer [10 mM Tris buffer (pH 7.6) containing 1 mM EDTA, 250 mM sucrose, protease inhibitor, and phosphatase inhibitors]. DNA-binding activity was assayed on EMSA gels (36, 63) using an EMSA probe for the STAT5/MGF response element of the rat CSN2 (b-casein) gene and labeled with gP 32 -adenosine triphosphate. Gels were fixed in 20% methanol and 10% glacial acetic acid, dried, exposed overnight to an imaging screen, and scanned using a Typhoon Trio phosphorimager (GE Healthcare Life Sciences).
DHS analysis
DNase I digestion of mouse liver nuclei prepared from individual livers and purification of the released DNA fragments were carried out essentially as described (51) using 25 3 10 6 frozen mouse liver nuclei per sample. Buffer A was kept on ice; stop buffer and buffer D were kept at 37°C. Nuclei were washed twice in ice-cold buffer A, the supernatant was discarded, and warm buffer D was added. Enzyme buffer [buffer D containing 32 U of RQ1 RNase-free DNase I (1 U/mL; Promega) per 100 mL of buffer] was then prepared. Microcentrifuge tubes (2 mL) were placed in a 37°C water bath. Enzyme buffer (100 mL) was added to each tube, 850 mL of warmed nuclei in buffer D was added, and the mixture was incubated for 2 minutes at 37°C. Stop buffer (950 mL) was then added and the samples were incubated at 55°C for 15 minutes. Proteinase K (15 mL; 20 mg/mL; Bioline) was added followed by incubation overnight at 55°C. Samples were extracted with phenol/chloroform and then loaded on a sucrose gradient (11.4 mL of sample layered on top of a 24-mL 10% to 20% sucrose step gradient, composed of (top to bottom) 3 mL each of 10%, 12.5%, 15%, and 17.5% sucrose, and then 12 mL of 20% sucrose). Samples were centrifuged at 25,000 rpm for 24 hours at 25°C. Individual fractions (1.9 mL each) were collected and analyzed to determine the DNA fragment size distribution on a SYBR Green-stained 1.2% agarose gel after visualization on a Typhoon Trio phosphorimager. Fractions containing DNA fragments ;100 bp to 1 kb in size were pooled in Qiagen Buffer PB, and DNA was purified on a QIAprep 2.0 DNA purification column (Qiagen). Final selection of fragments 125 to 400 bp in size was achieved using Agencourt AMPure XP beads. DNA concentrations were measured by a Quant-iT PicoGreen assay kit (Invitrogen), except that final DHS samples were quantified by Qbit analysis (Invitrogen) to equalize the input DNA for qPCR analysis of specific genomic DNA sequences in the released DHS fragments.
RNA sequencing and data analysis
RNA sequencing (RNA-seq) libraries were prepared from total liver RNA isolated from intact or hypophysectomized male and female mouse liver, and from livers of hypophysectomized male mice given a single injection of GH and euthanized 30, 90, or 240 minutes later. Two libraries (biological replicates) were prepared for each treatment group, with each library representing a pool of n = 4 independent liver RNA samples. Sex-biased liver genes were identified by RNA-seq analysis of three libraries per sex, with each library comprised of liver RNA pooled from n = 12 to 17 independent livers (biological replicates). Libraries were prepared from poly(A)-selected total liver RNA using NEBNext Ultra directional RNA library preparation kit for Illumina (New England Biolabs) or, in some cases, an Illumina TruSeq RNA library preparation kit. Where specified, pooled RNA samples were treated with DNase and then depleted of ribosomal RNA using the NEBNext ribosomal RNA (rRNA) depletion kit. Multiplexed sequencing (50-, 100-, or 125-nucleotide paired-end reads, as indicated in individual Gene Expression Omnibus submission files; see below) of each library was performed on an Illumina HiSeq 2000/2500 instrument.
RNA-seq data were analyzed using a custom pipeline that we developed to quantify both mature and primary (hnRNA) transcripts, as follows. The pipeline processes RNA-seq raw FASTQ files and outputs various quality control metrics, including FastQC reports (FASTX-Toolkit v0.0.13.2), confirmation of read length, absence of read strand bias, and alignment to functional genomic location classes (i.e., coding, intronic, untranslated region, intergenic, ribosomal) (Picard v1.123). Reads were mapped to the mouse genome (mm9) using TopHat (v2.1.1). FeatureCounts (64) was used to obtain read counts for RefSeq genes, and EdgeR (65) was used to calculate differential gene expression and significance values. Adjusted P values (i.e., false discovery rate) , 0.05 were considered significant. The pipeline generated data files (bigWig or BAM files) and gene-feature tracks (gene transfer format files) for visualization on the University of California Santa Cruz Genome Browser. For each gene symbol (University of California Santa Cruz Table Browser, February 2015), the RNA-seq pipeline counted RNA-seq reads mapping to three sets of genomic regions (features), which we termed collapsed exon counting, exonic-only counting, and intronic-only counting. Mature (spliced) mRNAs were quantified using either collapsed exon or exonic-only counting. The collapsed exon method counts sequence reads that map to a concatenated sequence comprised of the union of the exonic regions for all isoforms of a given gene, whereas exonic-only counting is limited to the intersection of exonic regions across all isoforms, and thus excludes exonic regions that overlap an intron in one or more isoforms of the gene. Intronic-only counting was used to quantify primary RNA transcripts (hnRNA) and is based on the intersection of all intronic sequences across all isoforms of a given gene; it thus excludes intronic regions that overlap an exon in one or more isoforms of the gene. Others have confirmed the suitability of this approach for quantifying primary RNA transcripts (66, 67) . Exonic-only counting regions were identified for each gene symbol by subtracting the union of collapsed intronic sequences across all isoforms from the collapsed exonic regions, and intronic-only counting regions were identified for each gene symbol by subtracting the union of collapsed exonic sequences across all isoforms from the collapsed intronic regions (University of California Santa Cruz Genome Browser annotations). Collapsed exon, exonic-only, and intronic-only counting regions identified for each gene were collected in custom gene transfer format files (available upon request), which were used in relevant steps in the RNA-seq pipeline. We also identified a subset comprised of 2035 RefSeq gene symbols that have substantial overlap with other RefSeq genes, resulting in ,130 nucleotides of nonoverlapping sequence; we determined empirically that this was too short a length for mapping sufficient numbers of RNA-seq reads for reliable quantification of gene expression. For these 2035 genes, we used the (-O) option of featureCounts, which allows sequence reads/fragments to be assigned to all overlapping gene features. Raw and processed RNA-seq data are available at Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/gds/) under accession number GSE93382.
Statistical analysis
Graphical and statistical analyses were performed using GraphPad Prism 7 software. RNA and DHS qPCR data are expressed as mean values 6 standard error of the mean (SEM) for up to 18 individual mouse livers per group, as specified in each figure legend. A two-tailed Student t test was used when the means of two groups were compared (i.e., STAT5-high vs STAT5-low). One-way analysis of variance (ANOVA) with a Dunnett multiple comparisions test was used when comparing GH-treated hypophysectomized male mice to untreated hypophysectomized controls, and one-way ANOVA with a Sidak multiple comparisons test was used when comparing hypophysectomized mice to the same-sex intact controls. Significance values are indicated in each figure by † when comparing intact males to intact females, by # when comparing hypophysectomized mice to the same sex intact controls, and by * when comparing GH-treated hypophysectomized male mice to untreated hypophysectomized controls, or when comparing STAT5-high to STAT5-low male livers. Statistical significance reached by a t test but not ANOVA is indicated by^. A single symbol ( †, #, *, or^) indicates significance at P , 0.05, a double symbol indicates P , 0.01, and a triple symbol indicates P , 0.001.
Results
GH-induced liver transcriptional responses in hypophysectomized mouse model
Hypophysectomized mice were used to investigate the GH pulse responsiveness of several STAT5-regulated genes. The completeness of hypophysectomy was validated by the cessation of body weight gain [ Fig. 1(a) ] and by the characteristic near total loss of urinary MUP proteins [ Fig. 1(b) ], which are produced in the liver under the control of GH and other pituitary-dependent hormones (68) . RNA-seq analysis revealed that hypophysectomy led to strong and significant downregulation of all 19 Mup genes in male mouse liver, in almost all cases by .25-fold (Supplemental Table 2 ). Expression levels for individual Mup genes varied .5000-fold in intact male liver, and in all but two cases (Mup2, Mup8) showed significant male-biased expression (up to ;70-fold male bias for the highly expressed Mup7 and Mup20). Fifteen of the 19 Mup genes were also significantly downregulated in female liver following hypophysectomy (Supplemental Table 2 ).
Liver STAT5 DNA-binding activity declined following hypophysectomy [ Fig. 1(c) , lanes 10 to 15 vs lanes 1 to 9], consistent with the loss of pituitary GH secretion and GHinduced liver STAT5 activation. Hypophysectomy also led to significant downregulation of two well-characterized GH-and STAT5-responsive genes, Igf1 and Cish, in both male and female liver, as shown by qPCR analysis of liver RNA using primers specific to the mature (spliced) mRNAs [ Fig. 2(a) ]. A time-dependent increase in expression back to at least intact mouse liver levels was seen for each gene when male hypophysectomized mice were given a single pulse of GH at a near physiological replacement dose [ Fig. 2(a) ]. Similar responses to hypophysectomy and GH pulse treatment were apparent when unspliced hnRNA was assayed using qPCR primers that span an exon-intron junction, except that maximal responses occurred earlier than the changes in mRNA levels [peak at 90 vs 240 minutes for Igf1; peak at 30 vs 90 minutes for Cish; GH rapidly increases liver chromatin accessibility at early GH response genes GH-activated STAT5 binds to mouse liver chromatin at multiple sites within or nearby Igf1 and Cish, as determined by global analysis of STAT5 binding by chromatin immunoprecipitation sequencing (ChIP-seq) (38 Effects of a single GH pulse on chromatin accessibility and transcriptional response of sex-independent STAT5 target genes Igf1 and Cish. (a and b) RT-qPCR analysis of liver total RNA isolated from intact female (F) and male (M) mice, hypophysectomized female (FHx) and hypophysectomized male mice (MHx), and hypophysectomized male mice treated with a single pulse of GH and euthanized 30, 90, or 240 minutes later. qPCR was performed using primers that detect mature Igf1 and Cish RNA (a, mRNA) or primary unspliced RNA transcripts (b, hnRNA). RNA qPCR data were normalized to the 18S rRNA content of each liver RNA sample. (c) qPCR analysis of genomic DNA fragments released from DNase I-digested liver nuclei isolated from individual mice from the same treatment groups shown in (a) and (b). qPCR was carried out using primers that target open chromatin regions identified previously (51) , which are marked DHS in Fig. 3 (a) (Igf1) and Fig. 3 (b) (Cish; also see Supplemental Table 1 ). DHS qPCR data were normalized to a DNase hypersensitive site at the Alb promoter [see Fig. 4(a) ]. Data shown are mean 6 SEM values based on n = 8 to 10 livers for each group (a and b) or n = 5 to 6 livers per group (c), except for the intact male group of (c), where n = 18 livers. Relative expression level and relative DHS activity of the intact male groups are set to 1. Significance values by ANOVA are indicated in each figure as follows: for intact male vs intact female, † P , 0.05, † † P , 0.01, † † † P , 0.001; for hypophysectomized mice compared with intact mice of the same sex, # P , 0.05, ## P , 0.01, ### P , 0.001; and for GH-treated vs untreated hypophysectomized mice, *P , 0.05, **P , 0.01, ***P , 0.001. The symbol^indicates that statistical significance was reached only by t test and not ANOVA, at^P , 0.05,^P , 0.01, and^^^P , 0.001. Primers used for qPCR analysis are shown in Supplemental Fig. 3 and detailed in Supplemental Table 1 ). Results show that chromatin accessibility at STAT5 binding sites at or near Igf1 and Cish decreased following hypophysectomy and was induced by GH pulse treatment [ Fig. 2(c) ]. The increased accessibility of these sites peaked 30 minutes after a single GH pulse, and thereafter began to decline, in parallel to the decline in liver STAT5 activity [ Fig. 1(d) ]. Moreover, chromatin accessibility (DHS activity) began to decline at 90 minutes, prior to the decline in Igf1 and Cish transcription rate (hnRNA analysis) [ Fig. 2(c) vs Fig. 2(b) ]. Thus, liver chromatin is dynamically responsive to GH pulse-induced signaling, which stimulates a cycle of chromatin opening associated with STAT5 binding to liver chromatin and transcriptional activation, followed by chromatin closing associated with STAT5 deactivation, loss of STAT5 binding, and a decline in gene transcription.
Chromatin opening and STAT5-activated transcription are pulsatile in intact mouse liver The above studies establish, in a hypophysectomized mouse model, a close association between exogenous GH pulse stimulation, liver chromatin opening, and GHinduced transcription of two primary STAT5 target genes. To ascertain whether chromatin opening and target gene transcription are dynamically responsive to endogenous pulses of pituitary GH release, we collected livers from a large set of individual male mice and then determined the STAT5 DNA-binding activity status of each liver by EMSA analysis. A binary pattern of STAT5 activity characterized most livers, which showed either high STAT5 activity or low STAT5 activity [ Fig. 4(a) , lanes 1, 3, and 4 vs lanes 5 to 9]. A few livers showed an intermediate level of STAT5 activity (lane 2). This same overall pattern was previously seen in livers of young adult male rats, where the STAT5 activity status of each liver was shown to directly reflect whether the liver was collected during a pulse of pituitary GH release (STAT5-high livers) or during the plasma GH-free period between GH pulses (STAT5-low livers) (34, 69) . Chromatin accessibility analysis revealed that the STAT5-bound DHSs near Igf1 and Cish showed significantly higher chromatin accessibility in STAT5-high livers than in STAT5-low livers [ Fig. 4(c) ]. In contrast, no difference in DNase hypersensitivity was seen between STAT5-high and STAT5-low livers at a prominent DHS in the Albumin promoter [ Fig. 4(b) ], whose qPCR signal intensity was used to normalize the recovery of DNase fragments released from each liver. Furthermore, gene transcription rates, indicated by nuclear hnRNA analysis, were significantly higher for both Igf1 and Cish in STAT5-high livers compared with STAT5-low livers [ Fig. 4(d) ]. We conclude that endogenous pulses of GH and liver STAT5 activity dynamically induce liver chromatin opening, pulsatile STAT5 binding to DHS regulatory regions, and pulsatile transcription of Igf1 and Cish.
Four classes of pituitary hormone-dependent sex-biased genes
In contrast to the primary STAT5 target genes Igf1 and Cish, which are expressed at similar levels in male and female mouse liver (less than twofold sex difference), several hundred other STAT5-dependent genes show strong differential expression between the sexes. The STAT5 dependence of these sex-biased genes is evident in both global and liver-specific STAT5 knockout mouse models (39, 44) . STAT5 regulates these genes directly, as indicated by the strong enrichment of male-biased STAT5 binding at DHS that map to genes showing male-biased expression in liver, and by the enrichment of Table 1 . (b) Chromatin accessibility at the Alb promoter showed no significant difference between STAT5-high (STAT5-H) and STAT5-low (STAT5-L) livers and was used to normalize the DHS qPCR signal of the corresponding liver sample at all other DHS sites. (c) In contrast to the Alb DHS, chromatin accessibility was significantly greater in STAT5-high livers than in STAT5-low livers at the STAT5-bound DHS nearby Igf1 and Cish. (d) Transcription rates determined by RT-qPCR analysis of liver nuclear RNA using hnRNA primers specific to Igf1 and Cish were significantly higher in STAT5-high compared with STAT5-low livers. Data shown are mean values 6 SEM for n = 9 livers per group (b and c) or n = 10 to 12 livers per group (d). The relative DHS activity and expression level of the STAT5-high groups are set to 1. *P , 0.05, **P , 0.01, ***P , 0.001 by two-tailed t test. doi: 10.1210/en.2017-00060 https://academic.oup.com/endofemale-biased STAT5 binding at DHS near female-biased genes (38) . It is unknown, however, whether GH pulse-activated STAT5 stimulates male-biased gene transcription acutely, and in a pulsatile manner, as is shown above for the sex-independent STAT5 gene targets Igf1 and Cish. Two distinct classes of male-biased genes can be identified: (1) class I male-biased genes show decreased expression in male liver after hypophysectomy owing to their strong dependence on the male plasma GH pulse pattern for expression; additional male pituitarydependent hormones are required for full expression of some class I male-biased genes [e.g., Mup genes (68)]; and (2) class II male-biased genes are repressed by the female pituitary profile and, consequently, they are strongly de-repressed in female liver following hypophysectomy. We carried out RNA-seq analysis of poly(A)-selected liver RNA, isolated from intact and hypophysectomized male and female mice, to identify male-biased genes belonging to each class on a genomewide basis. We also identified corresponding sets of class I and class II female-biased genes; that is, genes whose expression in female liver decreases after hypophysectomy owing to a requirement for the nearcontinuous female GH pattern for expression (class I), and genes whose expression is repressed by the male pituitary profile and consequently show strong derepression in hypophysectomized male liver (class II). Figure 5 shows RT-qPCR data for sex-biased genes representative of each gene class. Results based on global RNA-seq analysis of the same set of livers are summarized in Table 1 and detailed in Supplemental Table 3 . These analyses complement an earlier microarray study (59) where the array probes cannot adequately distinguish closely related genes within large gene families and subfamilies, and whose members often show distinct patterns of sex-biased expression (e.g., genes in the Cyp2b, Cyp2c, Cyp3a, and Mup families).
Dynamic GH pulse responsiveness of class I male-biased genes Ces2b and Ugt2b38
Given the pituitary hormone/GH pulse dependence that characterizes class I male-biased genes, we investigated whether these genes show the dynamic regulation by GH pulse-activated STAT5 seen above for Igf1 and Cish. Intronic sequence reads were extracted from our RNA-seq datasets (see Materials and Methods) to quantify unspliced gene transcripts (i.e., hnRNA) that are downregulated by hypophysectomy and show a strong and significant increase in expression (more than fourfold increase in intronic reads at adjusted P value of ,0.05) in hypophysectomized male mouse liver, either 30 minutes or 90 minutes after GH pulse treatment. Thirty-five genes were identified, including Igf1, Cish, and Socs2. The strongest response, a .500-fold increase, was seen for Ces2b at 90 minutes (adjusted P value = 1.14E-19) (Supplemental Table 4A ). Six of the 35 genes showed consistent male-biased expression in intact mouse liver across multiple RNA-seq datasets (Supplemental Table 4C ). Male-biased expression was strongest for Cyp4a12b (125-fold), Ugt2b38 (15-fold), and Ces2b (15-fold). Ces2b and Ugt2b38 are both class I malebiased genes (Table 1; Supplemental Table 3) ; they show strong decreases in male liver expression following hypophysectomy, as well as strong increases in transcription rate (566-and 30-fold, respectively) 90 minutes after GH pulse stimulation, based on our intronic RNA-seq analysis (Supplemental Table 4A ). In contrast, Cyp4a12b is downregulated only twofold by hypophysectomy and showed a more modest 5.5-fold increase in transcription in the 90-minute GH pulsestimulated livers. Similar results were obtained when we sequenced rRNA-depleted RNA rather than poly(A)-selected RNA (Supplemental Table 4B ).
Ces2b has a male-biased DHS in its proximal promoter [ Fig. 3(c) ; Supplemental Table 1 ] that overlaps a binding site for STAT5. In hypophysectomized male liver (where GH-activated STAT5 is deficient), chromatin accessibility at this DHS decreased to the level of intact female or hypophysectomized female liver [ Fig. 6(a) , left]. GH pulse treatment rapidly reversed this decline, as shown by the opening of this DHS within 30 minutes. DHS opening was sustained at 90 minutes, but then declined back to baseline at 240 minutes, coincident with the decline of liver STAT5 activity [ Fig. 1(d) ]. This close association between Ces2b proximal promoterassociated DHS opening and liver STAT5 activation/ STAT5 binding was also seen in intact mouse liver, where STAT5-high livers showed significantly higher chromatin accessibility compared with STAT5-low livers [ Fig. 6(a), right] .
Next, we assayed Ces2b primary transcripts (hnRNA) to determine the functional consequences Ces2b DHS opening. Male-specific transcription of Of 530 sex-biased genes, 417 respond to hypophysectomy at |fold change| . 2 and an adjusted P value of ,0.05 in either male or female mouse liver. Those genes are classified based on their response to hypophysectomy in male and female liver, as shown. Class I sex-biased genes are those that are downregulated by hypophysectomy in the sex where they show the higher expression in intact mice. Class II sex-biased genes are those that are upregulated by hypophysectomy in the sex where they show the lower expression in intact mice. Subclasses A, B, and C indicate the response to hypophysectomy in the dominant sex (class II genes) or in the opposite sex (class I genes), as indicated. See Supplemental Table 3 for a complete listing of genes.
Abbreviations: FHx, hypophysectomized female; MHx, hypophysectomized male; -, no significant change in expression.
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Ces2b was abolished by hypophysectomy [ Fig. 6(b) ], consistent with Ces2b being a class I male-biased gene (Table 1) . GH pulse treatment induced Ces2b hnRNA to supraphysiological levels, as seen at 30 minutes and 90 minutes, followed by a dramatic decline back to intact male levels at 240 minutes. GH pulse-induced Ces2b transcription (i.e., hnRNA levels) showed an overall time dependence similar to that of DHS opening and closing [ Fig. 6(b) vs Fig. 6(a) ], although the magnitude of the transcriptional response was much greater, as noted. Mature (i.e., spliced) Ces2b mRNA showed a markedly delayed response, with a large, time-dependent accumulation evident at both 90 and 240 minutes [ Fig. 6(c) ]. The ability of endogenous GH pulse-activated STAT5 to stimulate pulsatile Ces2b transcription was established in intact male mouse liver by the significantly higher Ces2b hnRNA levels in STAT5-high liver nuclei compared with STAT5-low liver nuclei [ Fig. 6(b) , right]. There was no corresponding difference in mature Ces2b nuclear mRNA between STAT-high and STAT5-low livers [ Fig. 6(c) , right]. This reflects the half-life of Ces2b mRNA, which is apparently long compared with the 3-to 4-hour period between plasma GH pulses, as indicated by the rapid decline in Ces2b hnRNA from 90 to 240 minutes (indicating a short half-life) but not Ces2b mRNA (indicating a longer half-life) [ Fig. 6(c) vs Fig. 6(b) , left]. Similar findings were obtained for a second class I male-biased gene, Ugt2b38, where chromatin accessibility at a promoter-proximal male-biased DHS [ Fig. 3(d) ; Supplemental Table 1 ] decreased significantly following hypophysectomy and increased following GH pulse treatment [ Fig. 7(a) ]. Furthermore, this DHS showed a marked increase in accessibility in STAT5-high compared with STAT5-low livers [ Fig. 7(b) ]. We were unable to design gene-specific RT-qPCR primers for Ugt2b38 owing to its close sequence similarity to Figure 7 . Regulation of Ugt2b38, a class I male-biased gene, by GH pulse-activated STAT5. (a) DHS analysis at a male-biased STAT5 binding site in the Ugt2b38 promoter [ Fig. 3(d) ; Supplemental Table 1 ] was carried out for intact and hypophysectomized male and female mouse livers, with a time course of GH treatment as in Fig. 2. (b) Chromatin accessibility at this DHS was significantly higher in STAT5-high than in STAT5-low livers. (c and d) RNA-seq analysis of rRNA-depleted RNA was performed, sequence reads mapping uniquely to introns and exons were counted, fragments per kilobase of transcript per million mapped reads (FPKM) expression values were calculated, and significance, marked here, was assessed by edgeR analysis (see Materials and Methods). Male-biased expression of Ugt2b38 was abolished by hypophysectomy and rapidly induced by a single GH pulse. Analysis of intronic-specific sequence reads as a measure of recent transcription showed that transcription declined 240 minutes after the GH pulse (c), whereas mature mRNA levels increased (d). Data shown in (a) are mean 6 SEM values for n = 5 to 6 livers per group, except for the intact male group, where n = 18; data shown in (b) are mean 6 SEM values for n = 9 livers per group. Relative activity of the intact male group (a) and the STAT5-high group (b) is set to 1. Significance values by ANOVA or two-tailed t test are marked as described in the Fig. 2 legend. doi: 10.1210/en.2017-00060 https://academic.oup.com/endoUgt2b37 and Ugt2b5. However, analysis of RNA-seq reads that map uniquely to Ugt2b38 introns verified the anticipated rapid (and supraphysiological) transcriptional response of this gene to GH pulse stimulation [ Fig. 7(c) ] followed by slower accumulation of Ugt2b38 exon-specific sequences [ Fig. 7(d) ]. As with Ces2b, Ugt2b38 hnRNA declined rapidly from 90 to 240 minutes [ Fig. 7(c) ], indicating a short half-life. Fig. 3(e) ] for intact and hypophysectomized male and female mouse livers, with a time course of GH treatment as in Fig. 2. (b and c) RT-qPCR analysis of Cyp7b1 hnRNA and mRNA reveals that male-specific transcription is abolished by hypophysectomy, but fails to be induced by a GH pulse. Transcription rates and mRNA levels are not significantly different between STAT5-high and STAT5-low livers. Data shown in the left set of graphs (hypophysectomy series) are mean 6 SEM values for n = 5 to 9 livers per group, except for DHS analysis of the intact male group, where n = 18. The right set of graphs (STAT5-high, STAT5-low) are based on n = 9 to 12 livers per group. Relative DHS activity and expression level of the intact male (left) and the STAT5-high groups (right) are set to 1. Significance values by ANOVA or two-tailed t test are indicated as described in the Fig. 2 legend.
GH pulse responsiveness of Cyp7b1 DHS but not gene transcription Cyp7b1 is a class I male-biased gene [ Fig. 5(a) ; Table 1 ] with upstream DHS showing a strong male bias in accessibility [ Fig. 3(e) ]. Chromatin accessibility at the DHS chosen for analysis (Supplemental Table 1 ) was abolished in hypophysectomized male mouse liver, and it increased significantly following an exogenous GH pulse (albeit not to the full, intact male mouse liver level, similar to Ugt2b38) [ Fig. 8(a) ]. DHS analysis of individual STAT5-high and STAT5-low livers revealed that this site opens and closes in concert with the pulsatile activation and deactivation of STAT5 [ Fig. 8(a) , right], in a manner indistinguishable from the other two class I male-biased genes investigated [Figs. 6(a) and 7(b) ]. However, in contrast to those two genes, Cyp7b1 transcription was not induced in livers of hypophysectomized male mice by GH pulse treatment, as indicated by hnRNA and mRNA analysis [ Fig. 8(b) and 8(c) ]. Furthermore, STAT5-high and STAT5-low livers were indistinguishable in terms of Cyp7b1 transcription rate and steady-state mRNA levels [ Fig. 8(b) and 8(c), right panels] . Thus, although GH rapidly induces chromatin opening at the Cyp7b1 DHS, this does not lead to the pulsatile increase in gene transcription seen for the other two class I male-biased genes.
Discussion
Igf1, Cish, and a small number of other GH-regulated genes have long been known to be activated in a STAT5-dependent manner when supraphysiological GH doses are given to hypophysectomized rats and mice (54, (60) (61) (62) , but it was unclear whether, and by which mechanisms, these genes respond to naturally occurring, physiological GH pulses. In this study, we show that GH pulse-stimulated gene activation is associated with a rapid but short-lived increase in chromatin accessibility at STAT5-binding enhancers in livers of hypophysectomized mice given a single replacement dose of GH. GHinduced increases in chromatin accessibility were assayed by the increases in DNase hypersensitivity at specific genomic regions near each gene, that is, at chromosomal locations previously identified as DHS/open chromatin sites (51) and where STAT5 binds following GH pulse stimulation (38) . We show that the opening and closing of these DHSs parallels GH pulse-stimulated increases, followed by decreases, in liver STAT5 DNA-binding activity and gene transcription rates, for both Igf1 and Cish. Importantly, these responses, seen in hypophysectomized mouse liver, were recapitulated in livers of pituitary-intact male mice, where the natural, endogenous plasma pulses of GH, and the pulses of liver STAT5 activity that they stimulate, were linked temporally to the GH pulse-induced increases in liver chromatin accessibility and Igf1 and Cish transcriptional activation. Dynamic, GH pulse-induced chromatin opening and closing linked to pulsatile increases in target gene transcription (Fig. 9 ) was also seen for some (Ces2b, Ugt2b38) but not for other (Cyp7b1) GH pulse-dependent male-biased genes. Thus, the natural, endogenous rhythm of male plasma GH pulsation induces dynamic opening and then closing of liver chromatin at discrete, localized regulatory sites in temporal association with transcriptional activation of Igf1, Cish, and a subset of STAT5-dependent male-biased genes.
Targeted disruption of STAT5 (specifically, the Stat5b gene) has established that this GH-activated transcription factor is essential for the sex-biased expression of .1000 genes in mouse liver (39) . Livers of young adult male STAT5b-deficient mice are substantially feminized, with 90% of male-biased genes downregulated to female liverlike levels, and 61% of female-biased genes upregulated to normal female liver levels (39) . Global mapping of STAT5 binding sites in male and female mouse liver has shown that sex-biased STAT5 binding sites are strongly enriched at sex-biased DHS and in proximity to sex-biased genes (38) . It was unclear, however, whether GH pulse-activated Figure 9 . Model for GH pulse-induced chromatin opening at STAT5-responsive genes. In male liver, GH pulse activation of STAT5 is associated with chromatin remodeling linked to chromatin opening, which is proposed to involve acquisition of activating marks and loss of repressive marks, and enables STAT5 binding and transcriptional activation of Igf1, Cish, Ces2b, and Ugt2b38. Termination of a GH pulse is followed by cessation of nuclear STAT5 signaling with loss of STAT5 binding, local recompaction of chromatin associated with reversal of histone mark changes, and termination of gene transcription. In female liver, STAT5 is activated in a more continuous manner than in male liver, owing to its persistent stimulation by circulating plasma GH. STAT5 can thus bind to, and trans-activate, Igf1 and Cish via the same open chromatin sites (DHS) as in male liver, albeit with different kinetics: intermittent in male liver vs more persistent in female liver. GHactivated STAT5 is proposed to be unable to bind to and transactivate the male-biased genes Ces2b and Ugt2b38 in female liver owing to the compaction of these genes in a repressive chromatin state [see Fig. 10(c) and 10(d) ], which is resistant to decompaction and GH/STAT5-induced chromatin opening. Figure 10 . Chromatin states of GH/STAT5-responsive genes. Shown are University of California Santa Cruz mouse genome browser screenshots displaying chromatin state maps for each of the five genes examined in this study, along with the locations of gene-proximal DHS interrogated by qPCR. Also marked are all of the STAT5 binding sites and DHS in the genomic region displayed (bottom two tracks of each panel). Blue indicates a male-biased STAT5 binding site or DHS site, pink indicates a female-biased site, and gray indicates a sex-independent site. Chromatin state maps were discovered using ChromHMM (71) based on genome-wide profiles for DHS and six chromatin marks determined in both male and female liver (70) . Each consecutive 200-bp segment of the genome is assigned to one of 14 chromatin states in male liver, and separately in female liver, and is represented by a distinct color, as specified in the chromatin states legend on the right). The 14 states can be grouped into five superstates, three of which are active (enhancer, promoter, transcribed), one is inactive, and one is poised for activation (bivalent). These descriptions reflect the established functional annotations of the major chromatin marks associated with each state. (a) Igf1 is in an active STAT5 directly activates transcription of the GH/STAT5-dependent male-biased genes or, alternatively, whether the STAT5 dependence of these genes involves other, more complex processes and an indirect dependence on STAT5. Our findings in the present study show that two GH pulse-dependent, male-biased genes, Ces2b and Ugt2b38, directly respond to GH pulse-activated STAT5 in a manner indistinguishable from that of Igf1 and Cish; namely, a single plasma GH pulse induces chromatin opening, which exposes sequences containing STAT5 motifs and enables STAT5 binding and induction of gene transcription (Fig. 9) . Importantly, these responses to GH were seen in both a hypophysectomized mouse liver model and in intact male mice, where the chromatin and transcriptional responses closely followed the endogenous rhythm of plasma GH pulsation. Thus, the malebiased genes Ces2b and Ugt2b38 are direct STAT5 targets that are transcribed in a pulsatile manner in male mouse liver in direct response to each plasma GH pulse-stimulated cycle of STAT5 activation.
An important question raised by our findings is why male-biased gene expression is a characteristic of Ces2b and Ugt2b38, but not of Igf1 or Cish, given the very similar response profiles of all four genes to male plasma GH pulse stimulation. One possibility is that Ces2b and Ugt2b38, but not Igf1 and Cish, are in a repressed epigenetic state in female liver, which in turn renders them resistant to the GH/STAT5-induced chromatin opening that is a prerequisite for STAT5 binding and transcriptional activation (Fig. 9, right) . Consistent with this proposal, the proximal promoter DHSs associated with Ces2b and Ugt2b38 show significant male bias in their accessibility [ Fig. 3(c) and 3(d) ], indicating that their STAT5 binding sites are comparatively inaccessible in female liver. Furthermore, chromatin state analysis, based on liver DHS profiles and a set of six histone marks (70) , indicates that extensive portions of Ces2b and Ugt2b38 and nearby genomics sequences are in an inactive chromatin state in female, but not male, liver [ Fig. 10(c) and 10(d) ]. In contrast, neither Igf1 nor Cish is in an inactive chromatin state in female liver [ Fig. 10(a)  and 10(b) ]. These findings strongly suggest that all four genes are able to respond rapidly and directly to male plasma GH pulse activation of STAT5 in male liver because they are in an active chromatin state, whereas Ces2b and Ugt2b38 are resistant to GH-activated STAT5 in female liver because they are in a repressed chromatin state (Fig. 9) . Of note, STAT5 is efficiently activated in mouse liver by both the female and the male plasma GH profiles, albeit with different temporal kinetics, that is, pulsatile STAT5 activation in male liver vs persistent activation in female liver (38) .
Little is known about the mechanisms by which a plasma GH pulse rapidly increases chromatin accessibility linked to activation of the four GH pulseresponsive genes characterized in this study. These changes in chromatin accessibility likely involve acquisition of activating histone marks and local chromatin remodeling linked to STAT5 DNA binding, as suggested by the increase in histone acetylation that accompanies STAT5 binding to a subset of regulatory sites associated with rat IGF1 (61). They could also involve other GH receptor-activated signaling events (55) , as well as actions of STAT5-interacting partners, such as glucocorticoid receptor (72), NFIB (73) , and other liver transcription factors whose binding (74) [or whose motifs (38) ] are frequently found near STAT5 binding sites. GH-induced chromatin opening may be associated with linker histone H1 dissociation induced by the chromatin-modifying protein HMGN2, as was recently described for prolactin-activated STAT5 in breast cancer cells (75) . Alternatively, binding by pioneer factors such as FOXA1 (76) may facilitate chromatin opening and enable the GH pulse-induced binding of STAT5 that we observed by ChIP-seq (38) . The dynamic hormone responsiveness of GH/STAT5-induced chromatin opening and closing described in this study may be analogous to glucocorticoid receptorinduced epigenomic effects described in mouse mammary epithelial cells, where pulsatile corticosteroid treatment activates glucocorticoid receptor and induces transient chromatin opening at some sites but persistent chromatin opening at other sites (77) . There are also similarities to the prolactin-responsive STAT5 binding events recently reported for mouse mammary gland, where termination of lactation and a decline in prolactin levels are associated with loss of STAT5 binding within 24 hours at many mammary gland-specific STAT5 binding sites, in particular sites that require high STAT5 concentrations for STAT5 binding (78) . Few details are known about the mechanisms whereby chromatin accessibility reverts back to the relatively closed basal state and gene transcription terminates at the conclusion of a GH pulse (Fig. 9) . Presumably, this epigenetic deactivation involves a loss of activating chromatin marks and perhaps reacquisition of repressive marks associated with chromatin closing. Deactivation of STAT5 signaling is a consequence of the termination of GH-stimulated GH receptor signaling to STAT5 and the subsequent deactivation of nuclear STAT5 by phosphotyrosine dephosphorylation, a prerequisite for the recycling of inactive STAT5 protein back to the cytosol (79) . Pulsatile activation of liver nuclear STAT5 in direct response to each plasma GH pulse and the termination of hepatic nuclear STAT5 activity at the conclusion of a GH pulse have been directly established in the rat model (69) . STAT5 activity pulsation is also evident from our EMSA analysis of individual male mouse livers [STAT5-high vs STAT5-low livers; Fig. 4(a) ]. Although deactivation of nuclear STAT5 is expected to be a key step in the reversal of GH/STAT5-induced chromatin opening that we observed, termination of other, STAT5-independent GH receptor-activated signaling pathways (55) could also contribute to the reversal of chromatin opening.
Cyp7b1 did not show a direct transcriptional response to GH pulse treatment, despite its having an upstream male-biased DHS that undergoes reversible opening and closing with GH/STAT5 pulsation in a manner indistinguishable from the DHS associated with Ces2b and Ugt2b38. The absence of a Cyp7b1 transcriptional response to GH was apparent, both in the hypophysectomized mouse model and from our analysis of Cyp7b1 transcriptional rates in livers of STAT5-high vs STAT5-low male mice. All three male-biased genes show malebiased expression dependent on STAT5b (39), are positively regulated by the male pituitary hormone profile (i.e., are class I male-biased genes; Table 1) , and have proximal male-biased DHSs ( Fig. 3 ; Supplemental Table 1 ) that contain binding sites for STAT5 (38) . Cyp7b1 has an extended 5 0 -proximal region in a repressed chromatin state beginning just upstream of the male-biased DHS that we examined [ Fig. 10(e) ]. Transcriptional activation of Cyp7b1 in response to plasma GH pulse stimulation can be achieved in livers of hypophysectomized male mice, but it requires that GH pulse injections be given repeatedly during a 7-day period (80) . This suggests that the transcriptional activation of Cyp7b1 by plasma GH pulses is more complex and involves slower, secondary events not required for activation of Ces2b and Ugt2b38; these events may include more extensive chromatin remodeling and activation of additional genomic regulatory regions, beyond the rapidly responding 5 0 -proximal DHS examined in this study. The multiple DHSs located upstream of Cyp7b1 and across an extended portion of Cyp7b1 intron 1 [ Fig. 10(e) ] contrasts with the much simpler array of regulatory elements surrounding Ces2b and Ugt2b38 [ Fig. 10 (c) and 10(d)] and is consistent with Cyp7b1 being under a more complex regulatory regimen.
In conclusion, endogenous GH pulses induce rapid increases in hepatic gene transcription, as shown by the rapid induction of unspliced hnRNA transcripts, both in livers of hypophysectomized mice and in response to the natural on-off rhythm of GH release in pituitary-intact adult male mice. These pulsatile increases in gene transcription characterize the well-established STAT5 target genes Igf1 and Cish as well as a subset of STAT5-dependent male-biased genes, but were not mirrored by a corresponding pulsatility for the mature RNA transcripts owing to their apparently long RNA halflives. Whereas sex-biased epigenetic and transcriptional responses to GH pulse-activated STAT5, including the pulsatile activation of Ces2b and Ugt2b38 transcription shown in this study, are an essential part of the overall mechanism whereby GH and STAT5 regulate sex-biased gene expression in the liver, the physiological significance of pulsatile transcription of non-sex-biased genes, such as Igf1, is unclear. Further studies are needed to address this question and to elucidate the underlying molecular mechanisms for GH pulse-induced opening and closing of liver chromatin at highly localized regulatory sites and the role of STAT5 and other cooperating factors in these processes.
